The absorption characteristics of Cd2' by 10-to 12-day-old soybean plants (Glycine max cv Williams) were investigated with respect to influence of Cd concentration on adsorption to root surfaces, root absorption, transport kinetics and interaction with the nutrient cations Cu2+, Fe2 , Mn2 , and Zn2 . The fraction of nonexchangeable Cd bound to roots remained relatively constant at 20 to 25% of the absorbed fraction at solution concentration of 0.0025 to 0.5 micromolar, and increased to 45% at solution concentration in excess of 0.5 micromolar. The exchangeable fraction represented 1.4 to 32% of the absorbed fraction, and was concentration dependent. Using dinitrophenol as a metabolic inhibitor, the 'metabolically absorbed' frction was shown to represent 75 to 80% of the absorbed fraction at concentration less than 0.5 micromolar, and decreased to 55% at 5 micromolar. At comparatively low Cd concentrations, 0.0025 to micromolar 0. Cadmium Uptake. Evaluation of the absorption behavior of Cd was performed using 10-to 12-d-old plants. Prior to use, plants were transferred from nutrient solutions to 0.5 mM CaCl2 solutions (pH 5.8) for 12 h to allow for desorption of possible interfering ions from root surfaces. Individual plants were then transferred to fresh 0.5 mm CaCl22 and various concentrations of CdCl2. CaCl2 was employed in all uptake and absorption solutions to provide sufficient Ca2`to maintain membrane permeability (20, 22) . For absorption periods of 60 min or less, 500 ml volumes were employed; for absorption periods of over 60 min, 1-L volumes were employed to limit reduction of total Cd levels in solution to less than 10% during the experiment.
Heavy metals, such as Cd, have received considerable attention over the years as a result of increased environmental burdens from industrial, agricultural, energy, and municipal sources. The sources of heavy metals and their behavior in soils and plants have been reviewed by Foy et al. (1 1) . Although the phytotoxicity of heavy metals is seldom a major concern, it is important to understand the role of plants in the environmental fate of heavy metals and subsequent impact on human health via the food web ( 17) .
Numerous investigations have been concerned with the plant absorption of Cd which enters the environment from anthropogenic sources (6, 12) . These have described the effect ofincreased metal burdens in soils on plant yield and metal content, and examined the role of plant and soil factors on metal content of edible tissues. The relationships between the metabolic processes of plants and the absorption of Cd have been less extensively studied. It has been suggested by Cutler and Rains (9) that transfer of Cd across the root of barley is primarily by diffusion and not under metabolic control. However, these studies were conducted at 10 mg Cd/l (90 ,uM), with excised roots, and their results may have been influenced by Cd toxicity. Phytotoxicity in whole plants (50% growth reduction) has been shown to occur with barley at 40 jiM (19) and at 1 ,AM for soybean (8) . The nonmetabolic uptake of Cd is contrary to studies with nutrient ' Work performed for the National Institute of Environmental Health Sciences under Contract 21 1B00844. and other nonnutrient cations (5, 18) and Cd absorption studies with algae (14) . Also, kinetic studies of this type are complicated by possible Cd concentration effects on both physical and metabolic processes. Studies by Bates et al. (1) Concentration-Dependent Uptake. Since multiphasic isotherms appear to be characteristic of both nutrient and nonnutrient ion absorption in higher plants (5, 18) , studies were undertaken to evaluate the concentration-dependent uptake of Cd (Fig. 3) While the use of 12-d-old plants at soluble Cd2" concentrations within the physiological concentration range for trace metals does provide kinetic data consistent with that obtained by numerous investigators for nutrient and nonnutrient elements, it is difficult to prove whether or not Cd absorption involves active membrane transport. The latter has been postulated by Hart et al (14) for uptake of Cd (0.22-4.5 ,uM) by Chlorella. However, the only other detailed kinetic study of Cd in higher plants, that of Cutler and Rains (9), indicated that Cd uptake by excised barley roots was the result of irreversible binding of Cd to root exchange sites, and diffusion and sequestering within the symplast. It should be emphasized that these latter studies were conducted at relatively high solution concentrations of Cd (90 Mm), which would tend to accentuate physical parameters (diffusion and irreversible binding) and minimize the subtle concentration-dependent relationships characteristic of metabolically mediated transport.
Interaction ofCd2" with Nutrient Ions. Assuming metabolically mediated transport of Cd, a nonnutrient ion, the question arises as to whether its absorption is related to its behavior as an analog of one or more nutrient species. The interactions of divalent nutrient cations with Cd absorption and their effect on subsequent transfer to plant shoots is summarized in Table II . Root absorption of "09Cd was inhibited from 25 to 30% by the presence of a 5-fold excess of Cd2+, Cu2+, Fe2+, Mn2+, and Zn2+ suggesting an interaction of these cations with the irreversibly bound "'9Cd Kinetic analysis of the interaction of Cd24, Cu24, Fe2", Mn24, and Zn24 with "0Cd2" were performed. Figure 4 shows the kinetic interactions of Cd and Zn on '"9Cd absorption over the concentration range of 0.01 to 0.04 gM using intact soybean seedlings. The increased slope for "1Cd absorption in the presence of Cd and Zn and common Vm,^, (10) (7) and Zn24 uptake by rice and soybean plants is reduced by the presence of Mn24 and Fe24 (13, 21) . Based on the available data, there appear to be distinct differences in the interaction of specific cations for algae and higher plants, and between higher plant species. Whether this represents differences in the structure or function of transport sites, presence or function of adsorption sites, or a blocking of transport sites is unclear.
CONCLUSIONS
There is a tendency to design laboratory hydroponic studies using trace metal concentrations approximating the total concentration in soils receiving some waste product, such as sewage sludge or mine wastes. This is seldom appropriate because trace metals entering soils are subjected to physicochemical processes which generally reduce metal solubility (4) . The solubility will be dependent upon the metal and soil properties and processes influencing the thermodynamic equilibrium of the metal with soil mineral and organic fraction (16) . Therefore, in most cases the plant available concentration of a metal in soil solution is in the Mg/kg and not in the mg/kg range. For soils in the range of pH 6 to 7.5, it has been suggested that solubility controls result in a Cd24 concentration of -0.1 AM or 11 tg/l soil solution (23) .
In the present study, experiments have been restricted to 0.0025 to 0.3 AM CdCl2 (0.28-34 ,ug/l), well below the 11 to 100 mg/l normally employed, and within the range of Cd24 activity in soil. Similarly, at Cd concentration <0.5 MM -80% of the apparent uptake results from metabolic adsorption while the irreversibly adsorbed component account for -50% of the apparent uptake at Cd concentrations of 5 AM (0.5 mg/l), making kinetic analyses impossible with roots of intact plants. By restricting Cd concentrations to realistic levels, employing hydroponic conditions and using young intact seedlings, Cd uptake is shown to exhibit linear absorption for 2 h, multiphasic absorption kinetics, and is sensitive to metabolic inhibition. Studies of ion competition would indicate the Cd, Cu, Fe, Zn, and possibly Mn, share a common transport site or process. These characteristics are indicative of a metabolically mediated membrane transport process.
